Abstract This work studied the effectiveness of gaseous ozone disinfection on pummelo (Citrus Grandis L. Osbeck) fruit juice components. Unfiltered and filtered pummelo fruit juices were treated with gaseous ozone for up to 50 min with ozone concentration fixed at 600 mg/h. A microbiological and physicochemical properties analysis were conducted on the ozone-treated fruit juices samples. It was found that the survival rate of aerobic bacteria, yeast and mold in unfiltered pummelo fruit juice were higher compared to filtered juice, as the juice components acted as protective barriers to the microorganisms. The microorganisms' inactivation in pummelo fruit juices was also observed to have increased as the ozone treatment time increased. Significant effects on total colour difference, ascorbic acid content, and total phenolic content were also observed over increased ozone-treatment time. However, ozone was shown to be ineffective in activating PME activity in both types of juice. The experimental results of this study indicated that pummelo fruit juice components had significant effects on the effectiveness of gaseous ozone, however, the degree of the effects depends on the different fruit components (total soluble solids, total phenolic content). As a conclusion, filtered juice showed better quality characteristics in comparison to unfiltered juice post-ozone treatment.
Introduction
In recent attempts to revamp the state of national agriculture production, the Malaysian Ministry of Agriculture revised the agro-food policy covering the period from 2011 to 2020. The policy listed pummelo as one of the 15 potential tropical fruits that is expected to generate national gross income (for all 15 fruits) of RM 21.44 billion in 2020 (DOA 2012) . One of the objectives in realizing the policy is to increase the income of entrepreneur farmers through diversification of fruit products, subsequently, increasing Malaysia's productivity and volume of export trade.
Pummelo is an under-exploited citrus fruit in Malaysia, known to be the largest of all citrus fruits which can grow as large as 30 cm in diameter and weigh up to 9 kg (DOA 2012) . The current production of pummelo fruit in Malaysia is recorded at 12,000 metric tons (DOA 2012) and it is grown mostly in the state of Johor and Perak. This non-seasonal citrus fruit have also been known to be mildly-resistant towards Citrus Greening Disease (CDG), and it is more resistant than grapefruit varieties. Kumar et al. (2015) in her study reported that pummelo fruit contains a number of beneficial bioactive compounds such as flavonoids, carotenoids, phenolics, vitamin C and anthocyanin. It also contains high amount of vitamin A, potassium, beta-carotene, folic acid and fiber, which have been known to demonstrate anti-cancer, anti-inflammatory, anti-tumour and blood clot inhibition activities. The colour of the flesh of the fruit varies from white, light yellow, pink or rose-red and the taste varies from sweet sour or spicy bitter-sweet aftertaste in the mouth. Pummelo fruit has an expected ratio of 2:1 (w/v) (unpublished data) of producing juice and a total brix to acid ratio of 12.54 [Florida's commercial juice standard: 13-18 (Kimball 1999) ]. Its natural resistance towards pests, means cultivation is easier leading to higher productivity, and lower production cost. These characteristics make pummelo fruit a promising candidate for production of a desirable and healthy juice for human consumption, further giving Malaysia an attractive opportunity to expand the fruit's influence and marketability in the international market of juices.
Currently, heat treatment process is the most commonly used method for microorganisms and enzymes inactivation which will extend the shelf life of juices. Thermal pasteurization process of fruit juices typically involves heating the product to 90-95°C for 15-20 s (Torlak 2014) . However, the high energy treatment usually diminishes vitamins, essential nutrients, and food flavors in the product (Barbosa-Canovas and Bermudez-Aguirre 2011). Various studies have proven that pasteurization using heat caused detrimental effects on juice quality. Nutritional contents, chemical, antioxidant and sensory attributes have been reported to have been directly affected by the heat. Moreover, it is cost-prohibitive for small juice producers. Thus, a non-thermal method of pasteurization has been experimented to treat citrus juice to have a longer shelf-life without compromising on the fresh-like quality of juice and an added advantage is its ability in deactivating spoilage and pathogenic microorganisms. Non-thermal technologies such as ozone, ultraviolet (UV-C), pulsed electric field (PEF) and high-pressure processing (HPP) have been extensively studied and applied in liquid foods pasteurization to achieve a minimum of 5-log reduction of pertinent pathogens, to comply with the USFDA regulations (FDA 2004) . However, the popularity of ozone has been dismal due to the negative image projected by ozone and very few studies have been done to investigate the effect of ozonation on quality attributes on tropical fruit juices, even though the capital cost of ozone is the lowest among other non-thermal technologies.
Ozone (O 3 ) is a triatomic molecule, consisting of three oxygen atoms. It is an allotrope of oxygen that is much less stable than the diatomic O 2 . Ozone has gained interests in regards to food safety as ozone is 1.5 times stronger than chlorine and is effective over a wider spectrum of microorganisms (Patil and Bourke 2012) . It is also known that ozone leaves no chemical residue and it degrades to molecular oxygen upon reaction or natural degradation. It is a colorless gas that is readily detectable at the range of 0.01-0.05 ppm (Patil and Bourke 2012) . When ozone is produced it will decay rapidly, because ozone is an unstable compound with a relatively short half-life. Ozone quickly degrades to oxygen in pure water and even more rapidly in impure solutions, such as fruit juices that contains various soluble and insoluble solids (Guzel-Seydim et al. 2004) . In 2001, United States Food and Drug Administration (USFDA) approved the usage of ozone in the gaseous and aqueous phases as an antimicrobial agent for treatment, storage and processing of foods (Khadre et al. 2001) . Ultraviolet radiation (188 nm wavelength), corona discharge, and cold plasma methods can be used to initiate free radical oxygen formation and, thereby generate ozone. Corona discharge method chosen in this study is the most popular type of ozone generator for most industrial and personal uses. They are typically very cost-effective and do not require an oxygen source other than the ambient air.
Due to the highly reactive nature of ozone, it is necessary to understand the key parameters in order, to optimize its application for sterilizing liquid food products. Restaino et al. (1995) in their study, stated that effectiveness of ozone against microorganisms depends not only the concentration of ozone used but also on the residual ozone in the medium and various environmental factors such as medium pH, temperature, humidity, additives such as sugars and the amount of organic matter surrounding the cells. Increase iteration of the complex components of fruit juice such as pectin and sucrose may provide protective effects to the bacterial populations, making ozone sterilizing-behavior ineffective in disinfection of pertinent microorganisms. Williams et al. (2004) reported a low efficiency of ozone to inactivate E. coli in orange juice in presence of organic matter and ascorbic acid. The impact of different compounds such as sugars, fibers, ascorbic acid and other organic matter in the dissolution rate and availability of ozone have created a protective effect in some components.
Medium pH is also an important intrinsic factor of ozone efficacy in disinfection process. Cullen et al. (2010) stated that decreasing pH is able to increase ozone efficiency and ozone decomposition rate changes drastically with changes in pH. Pummelo fruit juice pH was recorded at 4.00 ± 0.02 (Shah et al. 2015) which makes pummelo fruit juice the best candidate to be disinfected using ozone. Mechanisms of ozone decomposition are complex and are dependent on factors such as type of radicals formed and organic matter present in the medium that initiate, promote or inhibit the radical chain reaction. Hence, it is difficult to generalize that a particular concentration of ozone at a given time will always be effective in inhibiting microorganisms in the food product. Additionally, the conventional methods of relying on the acidity of their product to ensure microbiological safety is irrelevant as several incidents of foodborne illnesses have been associated with spoiled acidic fruit juices.
While the sterilizing action of ozone has been studied extensively on orange juice (Patil et al. 2009; Tiwari et al. 2008a, b; Williams et al. 2004; Angelino et al. 2003) , there is little information about the effects of solid components of tropical fruit juice, specifically pummelo fruit juice, on the bactericidal activity of ozone. This study aims to prolong the shelf-life of pummelo fruit juice using ozone with minimal qualitative changes by focusing on the effect of juice solid components on ozone disinfection effectiveness. Thus, the objectives of this study are (1) to evaluate ozone efficiency towards bacterial inactivation (2) to determine the effects of ozone on physicochemical properties and antioxidant content and (3) to evaluate the shelf-life of disinfected pummelo fruit juice.
Materials and methods

Pummelo fruit juice preparation
Pummelo (Citrus Grandis L. Osbeck) fruit juice was extracted using screw type extractor (KAAE, Malaysia). The filtered pummelo fruit juice was prepared by filtering the juice through tea filter to reduce the amount of pulp content. The juices were then kept in a dark glass bottle to be stored in a freezer at a temperature of -20°C until further experimental research. Once thawed in a chiller of 4 ± 1°C, the preliminary analyses were done to establish the initial value of each physicochemical and antioxidant characteristics of pummelo fruit juice.
Ozone treatment
Ozone gas was generated in a closed system using water ozonizer (Model SY-004, Taiwan) by corona discharge method in a 200 mL beaker (Fig. 1) . The fixed ozone output concentration at 600 mg/h was measured using an ozone sensor (Model 200 Series, Aeroqual, New Zealand). Ozone gas was pumped directly into the pummelo juice (4 ± 1°C) for up to 50 min through the food-grade silicone tube into the beaker and stirred using magnetic stirrer (100 rpm) to ensure the ozone molecules were completely mixed with the samples. As the ozone generator has a time limit of 50 min (as a safety precaution), ozone processing time was set in the range of 0 and 50 min and considered as ozone parameter. Untreated pummelo fruit juices (control) were stored at 4 ± 1°C in sterile dark glass bottles to protect them from light. All experiments were carried out in triplicate and analyses were performed immediately after processing.
Microbiological analysis
The enumeration of survived bacteria was determined by referring the procedures in Chapter 3 of Bacteriological Analytical Manual (Maturin and Peeler 2001) . Difco 
Physicochemical and antioxidant analysis
Total colour difference
The triplicate values of L (whiteness), a (redness/greenness), and b (yellowness/blueness) of each pummelo juice sample were determined using Hunter Lab Ultra Scan Pro (D65, 28 Hunter Lab Assoc Lab Inc, Reston, VA, USA) color spectrophotometer. It was calibrated using white reference tiles (L = 97.55; a = -0.11; b = -0.04) and light trap. Then, the color values were calculated with formula adapted from Tiwari et al. (2009a, b) ;
Ozone fixed concentration 600 mg/hr Pectin methylesterase (PME) activity PME activity of pummelo juice was measured using the Kimball (1999) method. PME activity was expressed as PMEu/mL which represents l-equivalent of acid liberated per min per mL of test sample at pH 7.7 and 30°C. Pectin solution (1%) was prepared using 0.1 M sodium chloride solution at the temperature of 50°C. Then, 10 mL of juice sample is added to 40 mL aliquot substrate solution at 30°C. The pH of the solution was adjusted to pH 7.0 by adding 2 N sodium hydroxide solution and was readjusted again until 7.7 with 0.05 N sodium hydroxide solution. Next, 0.1 mL of 0.05 N sodium hydroxide solution was added until pH of solution returned to 7.7 again, during which time was measured. The pectin methylesterase activity was calculated using Eq. 2; Activity PMEu mL ¼ ðmL NaOHÞðNormality of NaOHÞ ðmL juiceÞðreaction timeÞ Â 10 3 ð2Þ
Ascorbic acid (AA) content
Two 6-dichlorophenol-indophenol titration method adopted from Amador (2011) were used in determining ascorbic acid content in samples of pummelo fruit juice. 0.5% sodium 2,6-dichlorophenol-indophenol dye and 3% acid stabilization solution were prepared prior to the test. Then 2 mL of juice sample, blank (distilled water), or standard of 1 mg/mL of ascorbic acid solution was added into 5 mL of acid stabilization solution. The mixture was titrated rapidly with the dye solution until a light but distinct rose pink color persists for at least 5 s. The vitamin C or ascorbic acid content was obtained from the following equation and expressed as mg/100 mL; Ascorbic Acid ¼ mL of titrant for sample ð Þ À ð mL titrant for blankÞ mL titrant for standard ð Þ À ð mL titrant for blank) Â 100
Total phenolic content (TPC)
The methods for determination of total phenolic content were referenced from Alothman et al. (2010) . Samples were centrifuged at 5000 rpm for 5 min at 4°C. One milliliter of juice sample was mixed with 1 ml FolinCiocalteu reagent and 10 ml of 20% sodium carbonate before being diluted to 100 ml with distilled water. The mixture was mixed thoroughly and incubated for 1 h at room temperature in the dark prior to the measurement. UV Visible Spectrophotometer (Ultraspec 3100 Pro, Amersham Pharmacia Biotech, UK) was then used to measure the absorbance of mixture at 765 nm. Data for total phenolic content were obtained from the cabration curve prepared with gallic acid at concentration of 0-500 mg/L and are expressed as Gallic acid equivalents (GAE).
Statistical analysis
The statistical data were analysed via Full Factorial methodology utilizing Design Expert Software (Version 6, Stat-Ease Inc., MN, USA). Two independent variables: type of pummelo juice (filtered and unfiltered) and processing times (0, 10, 20, 30, 40 and 50 min) were used to investigate their influences on the inactivation of microorganisms and physicochemical properties of treated pummelo fruit juices. The experiments were performed in triplicate and the data were analyzed by using Analysis of Variance (ANOVA).
Results and discussion
Microbiological analysis
The antibacterial activity of ozone has also been attributed to its diffusion capability through biological membranes. The reactivity of ozone is ascribed by the activity of hydroxyls (ÁOH), hydroperoxy (ÁHO 2 ) and superoxide radicals (ÁO 2 -), which are responsible for microbial inactivation (Cullen et al. 2010) . In this study, filtered and unfiltered pummelo fruit juice samples underwent microbiological test to examine the presence of aerobic bacteria, yeast and mold before and after being treated with gaseous ozone. Figure 2a shows the bactericidal effect of ozone treatment against aerobic bacteria in both types of juice. The total aerobic plate count for unfiltered pummelo fruit juice showed 2.3 log reductions (from 3.1 log to 0.8 log CFU/mL), whereas, filtered sample showed 6.1 log reductions (from 7.3 log to 1.2 log CFU/mL). A non-linear (downward concavity) trendline can be seen from the aerobic bacteria reduction curves and this is in contrast to the norms of microbial inactivation which has generally been determined using pseudo-first and first order kinetic models. These mechanistic models implicitly assumed that all members in a population behave in the same manner and inactivation of a single macromolecule is due to one circumstance. The difficulty of survival curves in fitting the log linear model is due to the formation of a shoulder or tail during microbial inactivation which accounts for the biological variation that can be represented by Weibull model (Cullen et al. 2010) . The shape factor, b for both types of juice, is less than 1, indicating the formation of tail (Van Boekel 2002) . The occurrence of a tail in the survival curve is generally attributed to inherent resistance or resistance acquired during ozonation. b value of less than 1 could also signify that the remaining bacterial populations have the ability to resist the ozone treatment and to initiate a secondary growth during storage. An unpublished data showed that an aerobic plate count growth of 4 log was seen at Week 8 (unfiltered) and 2 log at Week 10 (filtered). The reaction of ozone molecule with microorganisms and the presence of organic materials could be the reasons for formation of tail during microbial inactivation in this study. The aerobic plate count result showed the R 2 value of 0.80 and RMSE of 0.55, which demonstrates that Weibull model was a good fit for data analysed in the experiment.
The results also show that inactivation rate decreases over treatment time depending on the presence of solid components of juice, with the initial microbial counts differing significantly between filtered and unfiltered samples. This proves that the rate of effectiveness of ozone is dependent on both the type of juice and ozone treatment time (p \ 0.05). 5 log reduction time, t 5d , in unfiltered sample is 6 min at 10 mg/min of ozone concentration, whereas, filtered sample was found with 3 log of aerobic plate count even before the experiment starts. Whereas, in a study done by Patil (2010) showed that E. coli ATCC 25922 in an unfiltered orange juice was reduced to 6 log after 11 min of ozone treatment at a concentration of 8.64 mg/min. Hence, ozone concentration played an important role to achieve the desired inactivation at a minimum exposure time, even for juice with higher juice components.
Total yeast and mold count (YMC) was also found to decrease as the ozone treatment time increased, as illustrated in Fig. 2b . Filtered pummelo fruit juice with its initial value of YMC of 5 log decreased to 1.3 log (reduction of * 4 log). Whereas, YMC of unfiltered juice showed a reduction of 6 log (p \ 0.05, R 2 = 0.97) with its t 5d of 7.2 min. The results indicate that the organic matter contents in pummelo fruit juice has an influence on the presence of microorganisms and ultimately the efficiency of ozone inactivation. These results further support the previous study on the impact of organic matter present in unfiltered pummelo fruit juice on the efficacy of ozone treatment. Patil (2010) reported in his study the inactivation of E. coli took a longer time in orange juice with pulp content compared to zero or low pulp content of orange juice. Kim et al. (2003) also states that the rate of inactivation of the microorganisms is greater in ozone demandfree systems than when the medium contains oxidizable organic substances. Pummelo fruit juice contains high vitamin C * 78 mg/mL which is related to the amount of = Filtered pummelo fruit juice = Unfiltered pummelo fruit juice Fig. 2 Interaction graphs of types of juice and treatment time on a total aerobic plate count in unit CFU/mL) and b yeast and mold count in CFU/mL ascorbic acid present, and this organic material could also act as protective barrier for microbial cell against ozone. Thus, proving that the organic matter with high ozone present in pummelo fruit juice may compete with the microorganisms, resulting in a higher number of microbial count (after disinfection). Microbial resistance is also dependent on the acidic environment of fruit juice which has an impact on ozone efficiency. Patil (2010) demonstrated that ozone inactivation of E.coli was much faster at low pH than at higher pH values. Therefore, acidic environment of pummelo fruit juice (pH of * 4.0) can be considered as a suitable matrix for ozonation in terms of antibacterial effectiveness. The effect of pH on antibacterial effectiveness of ozone, similar to temperature, is mainly attributed to the fact that the ozone decomposition occurs faster in higher pH aqueous solutions. The effect of temperature on bacterial effectiveness to ozone in liquids is mainly attributed to the fact that the solubility and decomposition rate of ozone changes substantially with changes in temperature (Tiwari and Muthukumarappan 2012) . This study was performed at 20°C to prevent quick decomposition of ozone as recommended by Patil (2010) , as temperature decreases ozone become more soluble and more stable with a decrease in the decomposition rate. Therefore, a fall in the temperature increases availability of ozone in the aqueous medium and subsequently, its efficacy (Torlak 2014) .
Ozone processing times (0-50 min) may also contribute to the inactivation of microorganisms in pummelo fruit juice. The results obtained in this study shows that at 50 min, the total count of surviving microorganism had decreased from 10 10 to 10 4 (unfiltered) and 10 2 CFU/mL (filtered). With the limitation of ozone generator to produce ozone up to 50 min, the overall pattern of the inactivation study shows that the effectiveness gaseous ozone to inactivate microorganisms is higher with prolonged ozone exposure (p \ 0.05). Patil et al. (2009) reported that the direct application of ozone is effective for the inactivation reduction of E. coli in orange juice, but they observed that the inactivation rate is strongly dependent on the soluble solid content of fruit juice. The results in this study are in agreement with previous research where the characteristics of the microbial strain itself could influence the ozone efficiency and that bacteria are more sensitive than yeasts and fungi. Moore et al. (2000) stated that yeast cells are more resistant towards ozonated water as the yeast cell walls provide adequate cell protection to retard the oxidation process of ozone gases from damaging the plasma membrane. Thus, it can be concluded that increasing the processing time and eliminating or minimizing instrinsic factors of the juice (pH and solid content) could increase the efficacy of ozone gases to penetrate directly into the inner cell promoting cell lysis and eventually death of pertinent microorganisms.
Physicochemical and antioxidant analysis
The results of various dependent variables, namely, total color difference (TCD), pectin methylesterase (PME) activity, ascorbic acid content and total phenolic content (TPC) are presented in Fig. 3 . Tiwari et al. (2008a, b) reported, the differences in perceivable color can be analytically classified as very distinct (TCD [ 3) , distinct (1.5 \ TCD \ 3), and small differences (TCD \ 1.5). In this study, TCD for unfiltered juices are classified as very distinct as the range lies between 0 to 6.5 and filtered juices is categorised as distinct. The interaction between both factors, types of juice and ozone processing time on TCD is shown in Fig. 3a . The graph illustrates that there are significant changes of color in both treated pummelo fruit juices. The p value on the type of juice is 0.0015 which indicates significance on the values of TCD. However, ozone processing time is considered not significant to influence the changes in color as the p value is 0.0822. This finding is contrary to findings of previous research studies which indicates that ozone treatment time does influence the color degradation of blackberry juice (Tiwari et al. 2009a, b) . The authors state that the ozone molecule and hydroxyl radicals produced may attack the conjugated double bond and lead to the partial oxidation of organic acids, aldehydes and ketone. Filtered pummelo fruit juice may have lost its solid components that played an important part on the lightness value (L*) of the juice. L* value was observed to significantly increase in the unfiltered juice sample, compared to the filtered juice sample. Implicitly, the ozone reaction on the pulp-less filtered juice sample had a minimal effect on the total color difference in comparison to the unfiltered juice sample. Nevertheless, color changes induced by ozone treatments at doses used in this study, although significant, were too small to impair pummelo fruit juice quality.
Pectin methylesterase (PME) is an enzyme that has a major impact on fruit juice processing as it affects the clarity of pummelo fruit juice. Inactivation of PME is desirable as the cloud appearance in the juice is preferred by consumers. p value obtained from the analysis of variance showed that only ozone treatment time factor affected PME activity of ozone-treated pummelo juice significantly (p value \ 0.0001). Moreover, PME activity of unfiltered juice was seen to increase as ozone treatment time increased as shown in Fig. 3b . The range of PME activity for unfiltered juice was found to be between 0.02 to 0.10 PME l/mL while for filtered juice it is between 0.04 to 0.07 PME l/mL. These results differed from a previous study by Rodoni and Vicente (2010) , where a clear decrease in pectin methylesterase was found for ozonetreated tomato fruit. Similarly, Tiwari et al. (2009a, b) found no significant changes in cloud value of orange juice which implies there is inactivation of PME in the fruit juice sample. The increment of PME activity in unfiltered pummelo fruit juice might be explained by abiotic stress activity as oxidation from ozone concentration increases in the sample. Ozone competes with organic matter (pulp) to inhibit the active enzyme pectin methylesterase reaction of pectin forming calcium pectate complexes (Croak and Corredig 2006) . Further proving that ozone-treated filtered pummelo juice for 0-50 min of processing time has little effect in inhibition of enzyme pectin methylesterase, and this finding is in line with the study of Tiwari et al. (2009a, b) .
Ascorbic acid degradation reactions are often responsible for important quality changes that occur during the storage of foods, limiting shelf-life. The main factors affecting ascorbic acid in orange juice include temperature, salt and sugar concentration, pH, oxygen, light, metal catalysts and initial ascorbic acid concentration (AlZubaidy and Khalil 2007). Ascorbic acid content for ozone-treated pummelo juice was shown to decrease gradually from 0 to 50 min with values ranging from 77.78 mg/100 mL to 54.76 mg/100 mL for filtered juice and 78.57 mg/100 mL to 51.59 mg/100 mL for unfiltered juice. The maximum losses of ascorbic acid for filtered and unfiltered juices were recorded at 29.60% and 34.33% respectively. The ascorbic acid content in pummelo fruit juice is significantly influenced by both independent variables; type of juice and ozone processing time which gives the p value of 0.0063 and \ 0.0001 respectively. Figure 3c illustrates the decreasing trend in ascorbic acid content for both types of juice over ozone-treatment time. These results indicate that ozone exposure or concentration affected the content of ascorbic acid during a period of 50 min. The results of ascorbic acid content is in agreement with the previous study by Alothman et al. (2010) which reported that the longer the ozone exposure time, the more ascorbic acid was oxidized. Tiwari et al. (2008a, b) also found that the ascorbic acid content of freshly squeezed orange juice decreases from 41.59 to 12.70 mg/ 100 mL after 10 min of ozone treatment. In addition, the unfiltered juice shows higher ascorbic content due to the higher amount of pulp compared to filtered juice. The lack Fig. 3 Interaction effects of types of juice and ozone treatment time on a total color difference, b pectin methylesterase activity, c ascorbic acid content, and d total phenolic content of pulp presence in the filtered juice could also be the possible cause of lower ascorbic acid content.
The losses of ascorbic acid content in this study might be related to the direct reaction of ozone or indirect reaction of secondary oxidant free radicals (Cullen et al. 2010) on the activity of several enzymes such as ascorbate peroxidise (APX) and ascorbate oxidase (AO) (Yeoh et al. 2014) . Ozone is well known to have the strongest oxidation potential (? 2.07 eV) (Kim et al. 2003) , and it may interact with the enzymes ascorbate oxidase (AO). AO may promote the oxidation of ascorbic acid into dehydroascorbic acid (DHA). Then, the instability of DHA is further degraded by ozone and this leads to the reduction of ascorbic acid (Yeoh et al. 2014) . The degradation of ascorbic acid during ozone treatment could be due to direct reaction with ozone or indirect reactions of secondary oxidants such as ÁOH, HO 2Á , ÁO 2 -, and ÁO 3 -. Such secondary oxidants may lead to electrophilic and nucleophilic reactions occurring with aromatic compounds that are substituted with an electron donor having high electron density on the carbon compounds in ortho-and parapositions. This leads to the oxidative disintegration of ozonide and formation of carbonyl compounds, while oxidative workup leads to carboxylic acids or ketones. Ozone attacks ÁOH radicals, preferentially to the double bonds in organic compounds leading to the formation of unstable ozonides which subsequently disintegrate. Another factor that could have contributed to the degradation of ascorbic acid is the activation of ascorbate oxidase. This enzyme is activated under stress conditions, such as chemical exposure. Ascorbate oxidase has been known to promote the degradation of ascorbic acid to dehydroascorbic acid (Alothman et al. 2010) .
Ozone concentration also significantly affected the total phenolic content in ozone-treated pummelo juice as the p value for ozone processing time was 0.0004 (p \ 0.05). The highest TPC was found from ozone-treated pummelo juice for ozone processing time of 10 min for both unfiltered and filtered juice (247.5 mg/L GAE and 224.17 mg/L GAE respectively). The lowest TPC was recorded for processing time of 40 min for unfiltered juice (151.67 mg/ L GAE) and for processing time of 50 min for filtered juice (144.17 mg/L GAE). Figure 3d also shows the interaction between the two factors (types of juice and ozone processing time) on TPC of the juice. Decreasing trends of TPC over time was observed for unfiltered juice. This finding is in agreement with the study of Torres et al. (2011) where decreasing of total phenols for ozone-treated apple juice was observed for processing time of 0-10 min. Decrease in PME was due to the strong oxidation potential of ozone (? 2.07 eV) which influenced the chemical reaction involved in the degradation of the total phenols. These could be direct reactions of ozone with the target compound or its intermediates and radical reaction between hydroxyl radicals produced through ozone decomposition catalyzed mainly by hydroxide ion, OH - (Torres et al. 2011; Cullen et al. 2010) .
However, TPC for filtered juice increased as processing time increased until 30 min of processing time where TPC started to degrade. The result shows the same pattern found by Alothman et al. (2010) , where total phenol and flavonoid contents of pineapple and banana fruits increased significantly when exposed to ozone for up to 20 min. The increase in the phenolic content might have been caused by cell wall modification that occurred during ozone exposure, which might free some of the conjugated phenolic compounds in the cell wall. The auto-decomposition of ozone is accompanied by the production of numerous free radicals. Therefore, the by-products of ozone decomposition were scavenged by the phenolic compounds in the fruits, to different extents, which might have led to the reduction of phenolic contents after 30 min of ozone exposure. Phenolic compounds are particularly susceptible to ozone attack. According to Yeoh et al. (2014) , ozone reacts very efficiently on degradation of aromatic compounds of phenolic content. The molecular ozone action on the aromatic compound favors the formation of hydroxylated and quinone compounds because the formation of aliphatic compounds originates from rupture of the aromatic ring.
A possible reason for significant increases of these phenolic compounds can also be attributed to various chemical reactions. These reactions can be direct reactions of ozone with the target compound or its intermediate radicals (produced by the decomposition of ozone catalysed mainly by hydroxide ions). Another reason may be due to the hyper-reactivity of ozone that inhibits several enzymes such as polyphenol oxidase (PPO) and peroxidase (POD) which are responsible for the oxidation of phenolic content (Yeoh et al. 2014) . It may also be related to the strong oxidation potential of ozone derived from the nascent oxygen atom (Tiwari et al. 2009a, b) .
Shelf life analysis
Based on Fig. 4a , the graphs plotted show that the storage period of 12-weeks affected the total colour difference (TCD) of both unfiltered and filtered ozone-treated pummelo juice. Throughout 12-weeks of storage time TCD values increased for both types of juices. The increasing pattern of TCD values was due to the strong oxidizing activity of ozone which reacted with bioactive compound in fruit juice that was responsible in the visible colour of juice (Rawson et al. 2011) . However, for untreated unfiltered juice, a significant decreasing of TCD values was observed during the 12th week of storage period. It may be due to browning of juice which contributed to the increase in lightness (L*) and decreasing of TCD values that results from the action of a group of enzymes called polyphenol oxidase (PPO) or known as enzymatic browning (Cullen et al. 2010) .
Graphs plotted in Fig. 4b show the trend of PME activity over 12 weeks of shelf life. Both results show the increment trend of PME activity throughout the 12 weeks for unfiltered as well as filtered juice, as similar to the trend in Fig. 3b . The ascending pattern of PME activity was probably due to the scavenging activity of PME towards ozone free radicals. PME activity was seen to increase from 0.02 to 0.25 PME l/mL and from 0.05 to 0.11 PME l/mL for unfiltered and filtered juice, respectively. Hence, it shows that the higher PME activity for unfiltered juice was due to the amount of pectin within the juice. As enzyme PME de-esterifies pectin (Cullen et al. 2010) , hence lower pectin content leads to lower enzymatic activity of PME.
Based on Fig. 5a , over the 12 weeks of storage period, it shows that there is significant degradation in ascorbic acid content for both unfiltered and filtered ozone-treated pummelo juice. However, there was no significant variation in content of ascorbic acid between both types of juice. The ascorbic acid content for unfiltered juice was 75.93 mg/100 mL and decreased to 24.87 mg/100 mL (67% reduction) after 12-weeks of storage. Whereas, ascorbic acid content in filtered juice at first was 78.04 mg/ 100 mL and it decreased to 23.81 mg/100 mL (70% reduction).
Nevertheless, the amount of ascorbic acid found in this study post-UVC treatment is comparable to the U.S. Recommended Daily Allowance (USRDA) which recommends that any fruit juice to have a minimum of 0.25 mg/mL (Ting et al. 1980) . Graph in Fig. 5a shows the minimum recommended level of vitamin C content for both unfiltered and filtered juice. Thus, based on the graphs, samples that were treated with 40 (unfiltered) and 50 min (filtered) ozone-treatment time deteriorated below the minimum level recommended; indicating the end of shelf life of the juice samples. Figure 5b shows the increasing trend of TPC observed from 0th week to 8th week until degradation of TPC which started to occur from 10th week to 12th week. This trend applies to both unfiltered and filtered pummelo juice. The degradation of TPC was likely due to auto-decomposition of ozone which causes the production of free radicals. This can cause the phenolic compounds to initiate their protective roles by scavenging on free radicals produced by the ozone and as a result the polyphenol content of pummelo juice decreased (Alothman et al. 2010) . 
Conclusion
The effects of ozone on pummelo fruit juice were nonlinear and highly dependent on processing conditions and the food matrix. Ozone treatment was found to be effective in reducing total aerobic plate count and yeast and mold in both types of pummelo fruit juice. With ozone concentration of 600 mg/h and different reduction time, t 5d were recorded for filtered and unfiltered juice samples. Model parameter also showed that, as ozone processing time increased, the survival of aerobic bacteria, yeast and mold decreased. However, as shown in this study, ozone treatment also affected the physicochemical and antioxidant properties of pummelo juice, where TPC and ascorbic acid content was shown to decrease significantly. In conclusion, ozone treatment at less than 10 min (ozone concentration of 600 mg/h) gave optimum results in term of microbiological (5 log reductions) and physicochemical effects on filtered pummelo fruit juice. Thus, it could be concluded that ozone has the potential to be used as a non-thermal pasteurization to produce a safe and high quality juice. However, extrinsic and intrinsic parameters in this studyozone processing time, ozone concentration, medium temperature, solid contents and pH should be considered prior to industrial adoption. Achieving microbial inactivation using optimised points may mitigate losses in nutritional quality. Further validation studies are still needed to determine the critical limits (ozone concentration and time parameters) for effective treatment in terms of bactericidal activity and to retain bioactive compounds of tropical fruit juice products. 
